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1 INTRODUCTION  
From a big-picture perspective, many of the global water issues have remained unchanged, some of which 
include adequate quality and quantities of safe drinking water; the development of hydropower resources 
at both the large and small scale; and the storage and distribution of agricultural, industrial, and municipal 
water supplies. Over the years, decades, and centuries, hydraulic structure research has played a key role 
in identifying and solving many of the challenges associated with meeting those goals. In recent years, 
hydraulic structure research has been influenced by improvements in technological tools and 
instrumentation (e.g., computational fluid dynamic simulation tools, particle image velocimetry and other 
multi-dimensional velocity acquisition techniques, etc.) that have allowed researchers to more accurately 
and fully understand flow field behaviors and fluid-structure interactions. Hydraulic structure research has 
also been influenced by a greater emphasis and concern for minimizing and/or mitigating the negative 
environmental impacts of hydraulic structures without losing the societal benefits of water storage and 
distribution. The way in which water is collected, stored, distributed, and bypassed in some regions of the 
world has changed and will likely continue to change as a result of changes in climate (e.g., Queensland 
Australia has experienced both extreme drought and extreme flooding in the last decade), which will 
likely impact hydraulic structure research, as well.  
The goal of this paper is to discuss some current and future hydraulic structure design research and 
training needs relevant to the United State and perhaps elsewhere. Hydraulic structure research is a 
relatively mature field that has relied heavily on empirical relationships derived from experimental data 
typically obtained from laboratory-scale models. Unlike the race to extend space travel to the moon in the 
1960’s or to find a cure for cancer; a singular, common hydraulic structure research goal or objective 
really doesn’t exist. Researchers are busy filling in widespread gaps in the hydraulic structure knowledge 
base in areas such as head-discharge relationships, cavitation, air-water flow, sediment transport, flow 
resistance, energy dissipation, and environmental impacts and interactions to name a few. In the absence 
of a singular or small set of universally accepted future hydraulic structure research objectives, this paper 
discusses two fundamental hydraulic structure issues that are of common concern in the United State and 
likely other place as well: (1) a decline in the level of experience and expertise in the workplace related to 
hydraulic structure design, and (2) the need to increase the capacity of existing spillways. 
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2 MAINTAINING THE KNOWLEDGE BASE  
In the United States, the Army Corps of Engineers (USACE) and the United States Bureau of 
Reclamation (USBR) were responsible for many of the “large” dam construction projects, including such 
dams as Hoover, Grand Coulee, Glen Canyon, and Folsom, that have been constructed in the last century. 
Jordanelle Dam (1992) and Seven Oaks (2000) were the last large dams built by the USBR and USACE, 
respectively. Due primarily to changes in federal policies and public opinion related to environmental 
protection, large-dam construction in the US essentially came to an end. Maintenance, repair, and 
modernization of the aging large-dam infrastructure, along with smaller dam construction, have 
subsequently become the primary charge of the dam engineering profession. Declines in dam construction 
activity have resulted in a diminished opportunity for entry-level and middle-career civil engineers to 
learn the craft and problem-solving tricks-of-the-trade from the seasoned experts. Many of the engineers 
with large-dam design experience in the US have either retired and/or passed away, leaving a void in the 
dam engineering knowledge base.  
There are still many talented and qualified dam engineering firms in the US who are active and 
successful in the profession, but the lack of large-dam engineering experience will likely become 
problematic eventually. For example, Hoover dam’s spillways (two side-channel, drum-gated weirs that 
transition into 15-m diameter spillway tunnels) have only operated twice since construction, once in 1941 
and again in 1983. Both times, the spillway tunnels experienced significant cavitation damage and repairs 
were required. The spillway tunnels at Glen Canyon dam, located on the Colorado River several 100 
kilometers upstream of Hoover, also experienced cavitation damage during the spring floods of 1983. As 
a result these and similar events, the USBR studied spillway cavitation and developed some guidance for 
reducing cavitation risks, which were published in Engineering Monograph No. 41 (Air-Water Flow in 
Hydraulic Structures). While research results, such as those presented in Monograph No. 41, are available 
in the literature, much of the collective expertise and experience behind that information retired with the 
researchers.  
Despite the change in dam construction emphasis and the declining practicality and probability of 
maintaining all of the experience-based expertise developed during the large-dam construction era, it is 
still important for the junior and senior members of the dam construction profession actively engage in 
training and information exchange. Technical conferences, workshops, and webinars are good forums for 
such exchanges. Senior and junior dam engineers, as well as hydraulic structure researchers, should 
actively pursue opportunities to share lessons learned and case-study experiences as presenter, 
moderators, listeners, and workshop participants in an effort to transfer knowledge and continually 
reinforce dam engineering fundamentals.  
The primary goals in engineering education at the university level include helping students develop an 
understanding of fundamental engineering principles (e.g., conservation of energy, momentum, and 
mass), develop good problem-solving skills, and become effective life-long learners. One way in which 
professional engineers remain effective life-long learner is to spend time in the literature. Though much 
of the work in the professional engineering journals is theoretical in nature and of limited use to 
practitioners, the literature also contains applied hydraulic structure research (e.g, data, and design 
guidelines) intended to aid in solving many practical engineering problems.  
In a hydraulic structure design course I teach, one of the course objectives is to have students develop 
original spreadsheet-based hydraulic structure design programs using published design procedures and 
data found in the literature. Several years ago, a former student who had completed his schooling and was 
working as a professional engineer requested via email a spreadsheet program that would calculate the 
head-discharge relationship for a particular control structure that hadn’t been addressed specifically in the 
class. I was surprised and disappointed that, rather than doing a quick literature review on the topic and 
subsequently creating his own spreadsheet program, my former student was hoping to find a solution 
based on someone else’s work. Consequently, students in the class are now required to independently 
research a specific hydraulic structure (e.g., morning glory spillway, siphon spillway, long-throated 
flume, stair-stepped spillway, energy dissipation basin, etc.) and produce a short, concise, well-written 
technical report on the topic. The students are required to read, understand, and cite a minimum of three 
credible references (government design manuals, peer-reviewed journal articles, published books). They 
must synthesize the relevant information (e.g., design equations, accuracy limitations, assumptions, 
maintenance and operational challenges, etc.) and include a summary list of 7-10 bulleted key 
informational items on the subject. Beyond the specific research topic and writing exercise, the goal is to 
reinforce life-long learning skills through implementing engineering solutions available in the literature. 
The independent learning skills of hydraulic structure engineers and the degree to which seasoned 
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professionals can provide training to junior engineers are both key points in helping to maintain the 
hydraulic structure knowledge base and our ability to solve problems. 
3 INCREASING EXISTING SPILLWAY DISCHARGE CAPACITY  
A common theme with many reservoirs in the US is the need to increase spillway capacity to improve 
dam safety. This can be driven by a number of factors, including land use-induced changes on watershed 
outflows, increased design storm magnitudes predictions resulting from improved statistical data records, 
and design increases due to climate change. To maintain dam safety as the magnitudes of transient flood 
events entering existing reservoirs increase, the base-flow reservoir water level must be lowered to 
provide more flood storage volume and/or the discharge efficiency of the outflow control structures must 
be increased. The downside of the former option is that during non-flood periods, less stored water is 
available for use. If the discharge efficiency of the spillway can be increased, base-flow water storage 
volumes can be increased while maintaining proper freeboard requirements for dam safety.  
Replacing linear weirs (e.g., ogee crest weirs) with nonlinear weirs (labyrinth or piano key weirs) is 
becoming a relatively common approach to increasing existing spillway discharge capacity. Comparing 
weir walls of common height, wall thickness, crest shape, and channel width; Crookston and Tullis 
(2012A) found that the linear weir (weir oriented perpendicular to the approach flow) had the highest unit 
discharge and discharge coefficient (Cd) (see Eq. 1), relative to labyrinth weirs with sidewall angles 
ranging from 6° to 35°. The increase in weir length produced by the labyrinth weirs over the linear weirs, 
which ranged from 760% to 160%, was sufficient to increase the net total discharge by as much as 3 to 6 
times. Brazos Dam (TX, USA) is an example of a project where the spillway discharge capacity was 
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Figure 1. Brazos Dam (a) before the spillway upgrade [crest-gated spillway (left) and emergency embankment spillway just 
after demolition started (right)] and (b) after the spillway upgrade project (two-segment labyrinth weir) (photos courtesy of the 
City of Waco, TX, USA).  
Piano Key (PK) weirs, which are rectangular labyrinth weirs (in plan view) with cantilevered apexes, 
represent another effective method for increasing the total weir length and discharge capacity within a 
channel of fixed width, relative to a linear weir. Figure 2 shows photographic overviews of the PK weirs 
at St. Marc and l’Etroit dams (France), which were some of the earliest prototype PK weirs constructed. 
Most PK weirs applications are located on top of concrete dams where there the footprint restrictions 
typically wouldn’t accommodate a labyrinth weir. PK weirs can also be used for in-channel applications 
with weir footprint restrictions. An in-channel PK weir has been proposed for Dartmouth dam (Australia) 
and one is currently under construction at Von Phong dam (Vietnam) (see Figure 3).  
While passive (non-gated weirs) flow control structures, like labyrinth and PK weirs, are effective at 
increasing discharge capacity, they have limited effectiveness at passing sediment bedload materials 
(sands and gravels), which could result in reservoir sediment management issue, and their head-discharge 
characteristics are not adjustable. Active (gated weirs) control structures installed in parallel with passive 
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flow control structures should be considered for some applications. Sediment transport impediment may 
not be a significant problem at some run-of-the-river structures where the upstream flow velocities are 
sufficiently large during flood events to entrain and transport sediment over the weir, but a gated structure 
may be more successful generally at discharging sediments. If gated spillways are installed along side a 
labyrinth or PK weir [St. Marc dam, see Figure 2(a)], the required passive control structure weir length 
needed to pass the design flood can be reduced. The ‘composite’ spillway structures (active and passive 
control) are particularly beneficial for dams in remote areas where a dam tender is not always present. 
The labyrinth or PK weir will accommodate the smaller return-period storm events. For larger storm 
events, the passive control structure will accommodate the leading edge of the flood-flow hydrograph, 
giving operators time to reach the dam and open the spillway gates as flood flows increase.  
 
 
Figure 2. Piano Key Weirs at St. Marc (a) and L’Etroit (b) dams (France). 
 
  
Figure 3. Von Phong dam (Vietnam) in-channel PK weir under construction (photo courtesy of Quat Dinh Sy).  
 
Though not a complete list by any means, some recent labyrinth weir research studies include: head-
discharge relationships (Crookston and Tullis 2012a, Tullis et al. 1995), design methods (Crookston and 
Tullis 2012a, Falvey 2003, Tullis et al. 1995); nappe interference, instability, and vibration (Crookston 
and Tullis 2012b, 2012e); in-channel vs. reservoir labyrinth weir applications (Crookston and Tullis 
2012c, arced labyrinth weirs hydraulics (Crookston and Tullis 2012d); submergence (Tullis et al. 2007); 
and energy dissipation (Lopes et al. 2008).  
Some recent PK weir research topics include the following: optimizing head-discharge relationship 
based on PK weir geometry variations (Anderson and Tullis 2012a, Machiels et al. 2011a, 2011b, Ribeiro 
et al. 2011), hydraulic comparisons of PK and labyrinth weirs (Anderson and Tullis 2012b), PK weir 
submergence (Dabling and Tullis 2012, Belaabed and Ouamane 2011), in-channel vs. reservoir PK weir 
applications (Anderson and Tullis 2012c), PK weir 1D computational flow dynamics simulation (Erpicum 
et al. 2011), and various model studies of specific prototype structures. 
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4 FUTURE NONLINERAR WEIR RESEARCH 
Some of the general goals associated with on-going and future nonlinear weir research can be categorized 
as the following: hydraulic performance optimization, unintended consequence mitigation, incorporate 
nonlinear weir head-discharge characteristic into basin-wide hydraulic management schemes.  
4.1 Hydraulic Performance Optimization 
Labyrinth weir design in practice became much more efficient and practical with the Tullis et al. (1995) 
design procedure, which featured an easy-to-program spreadsheet-based design method for sizing a 
quarter-round crested labyrinth weir based on a design head-discharge requirement. Falvey (2003) 
presented a modified design method based on the Tullis et al. (1995) data. Crookston and Tullis (2012a) 
improved the accuracy and extent of the labyrinth weir design data (quarter- and half-round crest shapes) 
and provided an alternative spreadsheet-based design method that could be used to either size a new 
labyrinth weir or analyze the hydraulics of a predetermined or existing labyrinth weir geometry.  
The least hydraulically efficient portion of a labyrinth weir is the upstream apex, which features a 
relatively long crest length discharging into a relatively small volume immediately downstream of the 
apex. The restricted flow volume, coupled with colliding nappes from adjacent labyrinth weir sidewalls, 
causes local submergence to develop (the local tailwater exceeds the crest elevation but downstream weir 
sections are not submerged), causing a reduction in local discharge efficiency (Crookston and Tullis 
2012e). The upstream apex discharge efficiency can make a difference on a labyrinth weir design but at 
present, we don’t have a method to account for that influence. As an example, all of the labyrinth weirs 
illustrated in Figure 4 have the same sidewall angle, weir height, and total weir length. Without a way to 
account for apex influences on discharge efficiency in current labyrinth weir design methods, the 
predicted head-discharge relationships for all three weirs would be identical, although in reality the 
discharge efficiency likely decreases with increasing upstream apexes. This may represent a relatively 
small uncertainty in the overall design process, but for applications were additional labyrinth weir length 
may be cost prohibitive due to footprint restrictions, small optimizations such as the upstream apex 
discharge efficiency may become important with respect to meeting design performance objectives. 
4.2 Unintended Consequences 
Hydraulic structure hydrodynamic behaviors can be complicated and because engineers can’t always fully 
describe, document, or understand these complexities, hydraulic designs sometimes result in unintended 
consequences. As our understanding of the hydraulic behavior of these structures improves, the 
probability of unintended consequences diminishes. The following are examples of research topics that 
may merit additional studies. Labyrinth and PK weir are effective flow energy dissipation structures due 
to the turbulent mixing that takes place on the downstream apron. Some work has been published on 
residual energy downstream of labyrinth weirs (Lopes et al. 2011); additional studies should look at the 
interaction between energy dissipation and air entrainment (the goal may be to either increase or limit air 
concentrations in the flow depending on the application and environmental needs). Half-round crest 
shapes are hydraulically more efficient than quarter-round crest shapes at low upstream heads because the 
nappe remains attached to the downstream crest profile (nonaerated nappe), which supports a negative 
pressure development downstream of the crest, increasing the driving head differential. The extent to 
which non-aerated nappes at the model scale can be reproduced at prototype scales has not been 
determined. Any adverse structural issues associated with negative pressure and on the downstream weir 
wall face have not been determined. Nappe vibrations, not observed at the model scale, have been 
reported at prototype structures at low-head flow conditions. The actual cause has not been determined 
and the options for mitigating are not fully understood either. Other unknown, unintended consequences 
will likely be identified with additional applications. 
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Figure 4. Labyrinth weir configurations (12° sidewall angle) of equal weir length but different cycle numbers. 
4.3 Basin-wide hydraulic management schemes with nonlinear weirs 
The improved hydraulic efficiency of nonlinear weirs means that flood-flow hydrographs will be routed 
through the reservoir more efficient, resulting in a decreased lag time (time difference between reservoir 
inflow and outflow hydrograph peek discharges) and less floodwater going into storage. The more 
efficient weir will would make it possible to increase base-flow reservoir storage level and still meet the 
necessary dam safety requirements. A consequence of the increased reservoir flood routing efficiency is 
an outflow hydrograph with a shorter duration and a higher discharge peek. If flood-flow restrictions exist 
downstream of the dam, the increased discharge efficiency of the spillway may cause flooding problems. 
It is important to match the head-discharge characteristics of the spillway control structure with both the 
upstream and downstream flood routing requirements. The head-discharge characteristics of labyrinth and 
piano key weirs can be modified to some extent by staging partial, whole, or multiple cycles at different 
crest elevations. More design information regarding staged nonlinear weirs is needed to support the 
design of such structures. 
5 CONCLUSION 
Many relevant, interesting, and important hydraulic structure research areas are currently being studied by 
engineering from around the world. Though it may not be practical to identify a single or subset of “most 
important” current and/or future research topics, the broad-spectrum goal of improving the effectiveness 
with which hydraulic structures can help meet civilizations need for water (i.e., safe drinking water, 
hydropower, agriculture, industrial, etc.) remains universal. The focus of this paper was limit to two 
general hydraulic structure-related issues: maintaining the hydraulic structure knowledge base and 
increasing discharge capacity of existing spillways. To help maintaining the hydraulic structure 
knowledge base, professional engineers must develop life-long learning skills and junior and senior 
engineers must be willing to participate in professional training activities (e.g., conferences, workshops, 
webinars, etc.). Replacing existing linear weirs with nonlinear weirs represents an effective way of 
increasing the discharge capacity of an existing spillway without a spillway replacement. A significant 
amount of research has been done in recent years on labyrinth and piano key weirs but, as with most 
hydraulic structures there is more research is required to more fully understand the appropriate design 
techniques, the hydraulic benefits, and the unintended consequences. 
NOTATION 
Cd weir discharge coefficient 
g gravity acceleration 
H upstream total head on the weir measured relative to the weir crest elevation 
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